The genes of the major histocompatibility complex (MHC) are a central component of the immune system in vertebrates and have become important markers of functional, fitness-related genetic variation. We have investigated the evolutionary processes that generate diversity at MHC class I genes in a large population of an archaic reptile species, the tuatara (Sphenodon punctatus), found on Stephens Island, Cook Strait, New Zealand. We identified at least 2 highly polymorphic (UA type) loci and one locus (UZ) exhibiting low polymorphism. The UZ locus is characterized by low nucleotide diversity and weak balancing selection and may be either a nonclassical class I gene or a pseudogene. In contrast, the UA-type alleles have high nucleotide diversity and show evidence of balancing selection at putative peptide-binding sites. Twenty-one different UA-type genotypes were identified among 26 individuals, suggesting that the Stephens Island population has high levels of MHC class I variation. UA-type allelic diversity is generated by a mixture of point mutation and gene conversion. As has been found in birds and fish, gene conversion obscures the genealogical relationships among alleles and prevents the assignment of alleles to loci. Our results suggest that the molecular mechanisms that underpin MHC evolution in nonmammals make locus-specific amplification impossible in some species.
As a gene family at the interface between an organism and its environment, major histocompatibility complex (MHC) genes have become the marker of choice for molecular ecologists wishing to measure functional, fitness-related genetic variation (reviewed in Piertney and Oliver 2006) . Classical class I and class II MHC genes are central to the vertebrate immune response as they encode cell-surface receptors that present short peptides, usually of bacterial or viral origin, to T cells. They are generally characterized by extremely high levels of sequence polymorphism in the peptide-binding region (PBR) of the gene. This diversity appears to be largely maintained by balancing selection driven by past and present exposure to disease, where specific alleles confer resistance to specific diseases (e.g., Langefors et al. 2001) , and/or heterozygotes have higher fitness due to their ability to present a wider array of peptides (e.g., Penn et al. 2002) . In some species, reproductive mechanisms such as disassortative mating also appear to contribute to maintaining MHC diversity (Penn 2002) .
Analysis of MHC genes in natural populations can provide important information on how MHC variation is generated and maintained, how population demography influences MHC variation, and how, in turn, MHC variation influences population viability. However, measuring variation at MHC genes from nonmodel organisms can be fraught with difficulty due to differences in gene number, organization, and evolution among species (Hess and Edwards 2002; Stet et al. 2003) . Generation of diversity within the MHC is characterized by gene duplication and decay, point mutation, and gene conversion (where a fragment of one locus is copied onto another), but the relative contributions of each of these mechanisms appear to vary among species. In mammals, most loci arose from ancient duplications and are maintained independently of each other (Gu and Nei 1999) .
Interlocus gene conversion appears to be rare among mammalian class II genes (Yeager and Hughes 1999) but has been documented at class I genes in mouse (Yun et al. 1997 ) and primates (Cardenas et al. 2005) . In contrast to mammals, birds do not retain ancient allelic lineages; rather, loci tend to be homogenized within species as a result of either recent gene duplications or interlocus gene conversions (Hess and Edwards 2002) . Where interlocus gene conversion occurs over short sequence fragments, it can play a large role in generating diversity but can also obscure the true genealogical relationships among alleles, making it difficult to assign alleles to their individual loci (Miller and Lambert 2004; Westerdahl et al. 2004 ).
Reptiles are an important group for understanding the differences in MHC evolution among vertebrate groups as they are sister taxa to both mammals and birds. However, the relative importance of point mutation, gene conversion, and balancing selection in generating diversity in the reptile MHC has not previously been investigated. In this study, we investigate mechanisms of evolution in class I MHC genes in an archaic reptile, the tuatara (Sphenodon punctatus). Tuatara are the sole extant representative of the order Sphenodontia, the sister taxa of squamates (snakes and lizards). Sphenodontids were globally widespread until the late Cretaceous (65-80 million years ago) but now only survive on offshore islands of New Zealand. Two species of tuatara are currently recognized: S. punctatus, which comprises 2 genetic groups, one in western Cook Strait and the other off the northeast of the North Island and Sphenodon guntheri, found only on North Brother Island in eastern Cook Strait (Daugherty et al. 1990; Hay et al. 2003) .
Both class I and class II genes have been characterized from tuatara (Miller et al. 2005 . The tuatara MHC appears to consist of at least 4 (and possibly as many as 8) closely related class II genes and at least 2-3 class I genes. Several class I alleles have previously been identified in tuatara, at least some of which are from expressed, polymorphic loci, but we were unable to assign alleles to individual loci . In this study, we characterize intron sequences to identify putative individual MHC class I loci and use sequence type-specific primers to analyze inheritance of alleles and patterns of variation in the largest tuatara population, on Stephens Island in western Cook Strait. We aim to develop a screening method to identify functionally relevant MHC variation across tuatara populations, with the long-term goal of investigating how population size, history, pathogen loads, and mate choice influence MHC variation.
Materials and Methods

Samples and DNA Extraction
Blood samples were collected from tuatara on Stephens Island in November 1998 , November 2003 , November 2004 , and May 2005 . Family group samples were from animals housed at Victoria University that originated from Stephens Island. Genomic DNA was extracted from 5 to 10 ll whole blood using either a Qiagen DNEasy kit or standard phenol/ chloroform methods (Sambrook et al. 1989 ).
Isolation of MHC Introns
We aimed to sequence introns 1 and 2 from MHC class I loci previously identified and to develop primers that flank exon 2 for MHC genotyping. We used a mixture of polymerase chain reaction (PCR) amplification using primers within exons and genome walking off both genomic DNA and bacterial artificial chromosome (BAC) clones containing MHC class I sequences.
The tuatara BAC library (Wang et al. 2006 ) was screened using a mixture of tuatara MHC class I and II cDNA probes (Miller et al. 2005 . Eighty-four positive clones were identified. To identify which clones contained class I genes, Southern hybridizations were performed as described in Miller et al. (2005) using the MHC1cDNA probe. Membranes were twice washed at 65°C in 2Â standard saline citrate (SSC), 0.1% sodium dodecyl sulfate (SDS) for 30 min each, followed by 1Â SSC, 0.1% SDS for 30 min, and then exposed to Kodak Biomax MR film for 2 days. The presence of class I MHC genes on each BAC was confirmed by PCR amplification with primers MHC1ex2F1 and MHC1ex2R1 , using PCR conditions as described in Miller et al. (2006) . PCR products were sequenced using the BigDye Terminator Cycle sequencing kit (version 3.1) and analyzed on an ABI3730 Genetic Analyzer.
Intron sequences were amplified from genomic DNA using primers MHC1ex1F2/MHC1ex2R1 (intron 1) and MHC1ex2F1/MHC1ex3R2 (intron 2, see Figure 1 ) in 25 ll reaction volumes using the Expand HiFi PCR system with 2.5 mM MgCl 2 , 200 lM each deoxynucleoside triphosphate (dNTP), 0.4 lM each primer, and 1 ll genomic DNA for 40 cycles of 95°C, 30 s; 55°C, 20 s; and 72°C, 1 min 30 s. Products were excised from agarose gels and purified using the HighPure PCR purification kit (Roche, Auckland, New Zealand) Figure 1 . Position of PCR primers used in this study (A), with corresponding primer names and sequences (B).
and then cloned into pGEM-T Easy vector (Promega, Madison, Wisconsin). Up to 6 clones per PCR product were sequenced as described above. Where intron sequences could not be obtained using the above conditions, we repeated the PCRs with a polymerase specially formulated for long PCR (BIO-X-ACT Long DNA polymerase; Bioline, London, UK) and tried adding combinations of 1 M Betaine, 5% dimethyl sulfoxide (DMSO), and/or 0.4 mg/ml bovine serum albumin (BSA).
In order to identify additional intron sequences, we used the genome walking method of Siebert et al. (1995) off both BAC and genomic DNA. Briefly, 0.5-1 lg of BAC DNA or 2.5 lg of genomic DNA was restriction digested overnight at 37°C with PvuII, EcoRV, StuI, SmaI, or SnaBI. Restriction digests were purified and ligated to adaptors to create adaptor libraries as described in Siebert et al. (1995) and Cottage et al. (2001) . Primary PCR amplifications were performed using primers AP1 (Cottage et al. 2001 ) and either MHC1ex2R1 (intron 1) or MHC1ex2F1 (intron 2) in 25 ll reactions consisting of 2 ll of adaptor library, 1Â BIO-X-ACT Long DNA polymerase buffer, 2 mM MgCl 2 , 1 mM each dNTP, 0.4 lM each primer, 1 M betaine, 5% DMSO, and 2 units BIO-X-ACT Long DNA polymerase. PCR amplification was performed for 38 cycles consisting of 95°C, 30 s; 57°C, 20 s; and 72°C, 3 min. Nested PCRs were performed on 1:20 to 1:50 dilutions of the primary PCR product, using the primer AP2 (Cottage et al. 2001 ) paired with MHC1ex2Fnest, MHC1ex2UZF (intron 2), or MHC1ex2Rnest (intron 1). PCR conditions were the same as for the primary PCR, but the annealing temperature was increased to 60°C, extension time was reduced to 1 min 30 s, and 35 cycles were performed. The resulting PCR products were either purified directly for sequencing using ExoSAP-IT (GE Healthcare, Rydalmere, NSW, Australia) or excised from agarose gels and purified using the HighPure PCR purification kit (Roche) and then sequenced as described above. Where a clean sequence could not be obtained from sequencing PCR products directly, products were cloned into pGEM-T Easy vector, and 2-4 clones per product were sequenced.
Analysis of MHC Variation
We identified 3 sequence types from the alignment of intron 2 sequences (see Results) and used a different set of primers to amplify each sequence type (Figures 1 and 2 ). Type 1 sequences were amplified with MHC1ex2F1 and MHC1ex2-UAR, type 2 sequences with MHC1ex2F1 and MHC1ex2-UBR, and type 3 sequences with MHC1ex2UZF and MHC1ex2UZR. PCRs were performed in 25 ll reaction volumes using the Expand HiFi PCR system with 1.5 mM MgCl 2 , 200 lM each dNTP, 0.4 lM each primer, and 1 ll genomic DNA for 30 cycles of 94°C, 30 s; 53°C, 20 s; and 72°C, 30 s. Type 2 and type 3 amplification products were purified directly with ExoSAP-IT and sequenced as above. For type 3 amplification products, heterozygotes were Figure 2 . Alignment of partial exon 2 and intron 2 sequences generated by genome walking and intron PCR. Only the first 50 bp of intron 2 is shown (where sequence was available). Alleles are named according to Miller et al. (2006) , with the exception of U*18, which is from BAC clone 509B19 and is new to this study. Shaded boxes show the position of reverse PCR primers used to amplify each group of sequences in the MHC variation study: MHC1ex2UAR, type 1 sequences; MHC1ex2UBR, type 2 sequences; and MHC1ex2UZR, type 3 sequences. Dots indicate identity with the U*03 sequence, dashes indicate gaps.
identified from double peaks on the chromatogram, and a subset of heterozygous individuals were cloned in pGEM-T to confirm the sequence of individual alleles.
We could not obtain clean sequence from direct sequencing of type 1 amplification products as these primers appear to amplify alleles from multiple loci. A modified type of single-stranded conformation polymorphism (SSCP) (Schwieger and Tebbe 1998) was therefore used to separate these alleles prior to sequencing. This method overcomes many of the problems of conventional SSCP, such as incomplete denaturation of DNA strands, multiple conformations of DNA strands, and heteroduplex formation (Sunnucks et al. 2000) , by removing one strand of the PCR product prior to SSCP analysis. We refer to this method as one-stranded conformation polymorphism (OSCP) to distinguish it from regular SSCP. PCR reactions destined for OSCP analysis used a forward primer that was phosphorylated at the 5# end (MHC1ex2F1-P). PCR products were purified using a HighPure PCR product purification kit and then digested with 5 units lambda exonuclease (New England Biolabs, Ipswich, MA) at 37°C for 2 h to remove one strand of the PCR product.
OSCP analysis was performed using a 9.5% polyacrylamide gel (37.5:1 acrylamide:bisacrylamide) with 5% glycerol. Electrophoresis was performed at 4°C in 0.5Â tris-borate-EDTA at 3 W for 14.5 h using a Protean II xi Vertical Electrophoresis cell (BioRad, Auckland, New Zealand). Samples (3-5 ll of single-stranded PCR product) were mixed with an equal volume of loading dye (96% formamide, 20 mM ethylenediaminetetraacetic acid), denatured for 5 min at 100°C
, and then cooled on ice for 5 min before loading. Gels were silver stained using the method described in Bassam et al. (1991) . Bands were excised from the gel and eluted in tris-EDTA for 4 h at 37°C and then reamplified using MHC1ex2F1 and MHC1ex2UAR as described above. Products were purified by digestion with ExoSAP-IT and sequenced as described above. In order to assess the repeatability and accuracy of the OSCP method, we repeated the entire OSCP procedure in 12 individuals and cloned PCR products from 11 individuals into the pGEM-T Easy vector (Promega). We analyzed 15-20 clones per individual as described in Miller et al. (2006) and found that in general, the same alleles were identified from cloning as from OSCP.
However, in 3 individuals, OSCP analysis identified alleles that were not found when PCR products were cloned, indicating that OSCP is more sensitive. All sequences included in the analysis were verified by amplification in independent PCRs.
Data Analysis
Sequences were edited using Sequencher 4.5 (GeneCodes Corporation, Ann Arbar, Michigan). All sequences are available in the GenBank database under accession numbers EF546395-EF546413. Coding-region sequences were translated into amino acids, aligned using ClustalW as implemented in BioEdit 7.0.5.3 (Hall 1999) , and then back-translated to nucleotide sequences. Intron sequences were aligned where possible using ClustalW. Measures of nucleotide and amino acid diversity were calculated in MEGA3 (Kumar et al. 2004) .
The maximum likelihood tree was constructed using PHYML (Guindon and Gascuel 2003) using the general time-reversible þ C (with gamma distribution of rates with 4 rate categories) model. Base frequencies, relative rate parameters, and the shape parameter of the C distribution (alpha) were estimated from the data as follows: A 5 0.2016, C 5 0.3009, G 5 0.3659, T 5 0.1316; substitution rate matrix A4C 5 0.932, A4G 5 1.325, A4T 5 1.679, C4G 5 0.819, C4T 5 2.719, and G4T 5 1.0; gamma shape parameter (a) 5 0.646. Tree topologies were evaluated using 500 bootstrap replicates. Conflicting phylogenetic signals in the dataset were assessed using neighbor-net analysis (Bryant and Moulton 2004) implemented in the program SplitsTree4 (Huson and Bryant 2006) . The network was constructed from uncorrected pairwise distances. The prevalence of gene conversion was assessed using GENECONV v. 1.81 (Sawyer 1999) . Putative gene conversion events were considered significant when the simulated global P value, based on 10 000 permutation runs, was less than 0.05. Gscale values of 0 and 2 were used, allowing for varying levels of mismatches (i.e., subsequent mutation) within the converted region. A gscale value of 0 means no mismatches are allowed, whereas a value of 2 allows for some mismatches within the converted region.
To test for positive selection over evolutionary timescales, we measured the ratio of nonsynonymous (d N ) to synonymous (d S ) substitutions. We first measured d N and d S values for putative PBR sites and sites outside the PBR (non-PBR), by the simple counting-based method of Nei and Gojobori (1986) , using uncorrected P distances. Putative peptide-binding sites were identified as sites that point into the peptide-binding cleft in the human MHC molecule (Bjorkman et al. 1987) . We then conducted a more detailed analysis using random-site models (Nielsen and Yang 1998; Yang et al. 2000 Yang et al. , 2005 implemented in the program CODEML (Yang 1997 ). These models allow for varying substitution rates across sites and avoid the need for a priori knowledge about which sites form the PBR. For each substitution rate category, the d N /d S ratio (x) and the proportion of codon sites that fall into that category are determined from the data. Where x . 1, positive selection is inferred. The models used here were M0 (one x ratio for all sites), M1a (nearly neutral: x either 0 or less than 1), M2a (positive selection: similar to M1a but allows a third category of x . 1), M3 (discrete: 3 site categories with x for each class estimated directly from the data with no constraints), M7 (beta: x ratio varies among sites according to a beta distribution), and M8 (beta and omega: similar to M7 but allows an extra category of x . 1). Models M2a, M3, and M8 allow for positive selection (x . 1) and were compared with their corresponding null models (M1a, M0, and M7, respectively) using a likelihood ratio test. Positively selected sites were inferred using the Bayes empirical Bayes method of Yang et al. (2005) , implemented in models M2a and M8.
Results
MHC Class I Introns
Southern blot analysis using a MHC class I-specific probe identified 37 BAC clones that hybridized to class I sequences. PCR amplification from these clones using primers designed from MHC class I cDNA sequences identified 7 clones containing MHC class I sequences. Two different sequences were found: one was identical to an allele (U*11) identified in Miller et al. (2006) and the other was a new sequence not identified in the previous paper. Two BAC clones were chosen for intron PCRs and genome walking: 531J19, containing U*11 sequence, and 509B19, containing the new sequence.
Initially, we attempted to isolate intron sequences from BAC and genomic DNA using PCR amplification across the whole intron. We could not amplify any intron 1 sequences using this method, and only one intron 2 product was successfully amplified. This sequence was amplified from genomic DNA and spanned 1652 bp, including part of exons 2 and 3 and an intron of 1219 bp. The exon 2 sequence was homologous to allele U*10, identified in Miller et al. (2006) . We isolated additional partial intron sequences using genome walking. Partial intron 1 sequences were obtained for the U*11 allele from BAC clone 531J19 and for the U*10 allele from genomic DNA. Only the first 40 bp of intron 1 sequence immediately flanking exon 2 could be obtained for the U*11 allele due to the presence of homopolymeric tracts of cytosine and guanine residues. There was little similarity between U*10 and U*11 intron 1 sequences, and they could not be aligned (see Supplementary Material for sequences).
Partial intron 2 sequences, ranging in length from 22 to 453 bp, were obtained from BAC clones 531J19 for the U*11 allele and clone 509B19 for the new allele and from genomic DNA for alleles U*01, U*03, U*04, and U*05 identified in Miller et al. (2006) (Figure 2 , see Supplementary Material for full sequences). These partial sequences were compared with the full intron 2 sequence obtained from allele U*10. Sequences could be divided into 3 types. We have named sequences from alleles U*01, U*03, U*04, U*05, and U*11 as type 1 as they are highly conserved in the region that immediately flanks exon 2. The remaining 2 sequences (the sequence from BAC clone 509B19 and the U*10 sequence) were divergent from each other and all other sequences and have been named type 2 and type 3, respectively. Homopolymeric tracts of cytosine and guanine residues were also present in intron 2 sequences, particularly in type 1 sequences.
Patterns of MHC Class I Variation
To test whether type 1, type 2, and type 3 sequences represent 3 separate MHC loci, we amplified alleles from each sequence type using type-specific primers (Figure 2 ) in a family group comprising mother, father, and 8 offspring. Type 1 primers amplified up to 3 alleles per individual, but type 2 primers only produced a product of a single allele in the father and 3 of the offspring. This allele was identical to the sequence from BAC clone 509B19 and was named U*18. Analysis of segregation of these alleles in a family group ( Figure 3A and B) suggests that together these sequences represent 2 loci but that the type 2 sequence is an allele of one of these loci and that this locus also contains type 1 alleles. However, it appears that either there are missing alleles or one allele (U*02) is present at both loci. We refer to alleles from these 2 polymorphic loci as UA-type Inheritance of alleles from putative UA-type loci; alleles in (A) were amplified with type 1 primers and alleles in (B) were amplified with type 1 and type 2 primers. (C) Inheritance patterns at the UZ locus, amplified with type 3 primers. In each tree, the maternal allele is in bold. Note that either allele U*02 is present at both UA-type loci or one null allele is present.
alleles. UA-type alleles are numbered in order of their original isolation and are prefixed with U*. We did not use a second letter as a specific locus designation in naming UA-type alleles due to difficulties assigning alleles to loci as described below. Type 3 primers amplified 1 or 2 sequences in every individual, and these sequences segregate in a Mendelian fashion in a family group (Figure 3C ), indicating they represent a separate locus. We refer to this locus as UZ to distinguish it from other loci.
To measure levels of variation at these MHC class I loci, exon 2 sequences were amplified from Stephens Island tuatara using the above primer sets. Twenty-six individuals were genotyped for UA-type alleles using both type 1 and type 2 primer sets, and 18 of these individuals were genotyped at UZ.
The UZ alleles were 196 bp long after primer sequences were removed. Six different UZ alleles were identified in 18 individuals. Two of these alleles were identical to alleles U*09 and U*10 identified in Miller et al. (2006) , and these were renamed UZ*01 and UZ*02. Although all sequences contain the conserved residues expected in functional class I sequences, there was low nucleotide diversity among alleles (0.023 ± 0.007, Table 1 ). Amino acid diversity was also low, with 1-4 amino acid differences out of 64 sites, and only one amino acid change was found in the putative peptidebinding sites.
Fifteen different UA-type sequences were identified in 26 individuals, with 2-5 alleles per individual. Type 1 primers amplified up to 4 alleles per individual, whereas type 2 primers only produced a product in 9 out of 26 individuals. There were 21 different genotypes among the 26 individuals. Alleles U*01-U*08 were previously identified in Miller et al. (2006) ; U*14-U*19 are new to this study. UAtype sequences were 224 or 218 bp long after primer sequences were removed. When aligned to MHC class I exon 2 sequences from other vertebrates, 8 of the sequences were shown to contain a 6-bp in-frame insertion at the beginning of exon 2 (Figure 4 ). This insertion has been found in full-length expressed sequences , so these sequences appear to represent functional genes. All sequences also contain all the conserved residues expected of functional class I sequences. Most UA-type alleles were highly divergent from each other, with an average of 23.3 amino acid differences out of 72 sites (excluding the indel) between alleles (range 1-38). The mean pairwise nucleotide diversity (p) for all alleles was 0.193 ± 0.015 (Table 1) .
Maximum likelihood analysis of sequences showed that alleles containing the 6-bp insertion form a monophyletic group ( Figure 5 ). However, these alleles do not appear to represent a single locus as some individuals have 3 of these long alleles, whereas others have 3 short alleles. The 2 alleles amplified with type 2 primers (U*18 and U*19) are also highly divergent. On the basis of the pedigree and phylogenetic analyses, it appears that UA-type alleles cannot be assigned to loci on the basis of their sequence alone. The phylogenetic network (Figure 6 ) shows numerous conflicting signals in the dataset, which suggests that gene conversion between sequences has occurred. The phi test found statistically significant evidence for recombination (P 5 0.00023). A total of 12 significant gene conversion events between UA-type alleles, ranging from 23 to 93 bp in length, were detected using GENECONV v. 1.81 (Table 2) . Seven of these events were detected using a gscale value of 0 (no mismatches), whereas an additional 5 events were detected when a small number of mismatches were allowed within the converted region.
To test for positive selection, we first measured the ratio of nonsynonymous to synonymous nucleotide changes for residues predicted to form the PBR, compared with those outside the PBR, for both UA-type and UZ alleles (Table 1) . For UA-type alleles, d N was higher than d S for PBR residues (ratio d N /d S 5 1.321), but this was not statistically significant (Z test of selection, Z 5 1.385, P 5 0.085). Outside the PBR, the ratio of d N /d S was 0.803; however, d S was not significantly less than d N (Z 5 1.384, P 5 0.089). For UZ alleles, d N was not significantly different from d S for PBR or non-PBR residues.
We then used maximum likelihood random-site models to test for positive selection on both UA-type and UZ alleles without partitioning the sequences into PBR or Figure 5 . Unrooted maximum likelihood tree of MHC class I sequences in tuatara. Bootstrap values based on 500 replicates are shown where greater than 70%. Sequences in the shaded circle contain a 6-bp insertion. Individual UZ alleles are not shown due to the short branch lengths separating these alleles. non-PBR residues. For UA-type sequences, models that incorporate positive selection (M2a, M3, and M8) fit the data significantly better than the corresponding simpler models (M1a, M0, and M7) ( Table 3 ). In models M2a, M3, and M8, 3-9% of sites fall into categories where x . 1 (Table 4) . Three positively selected sites with posterior probabilities greater than 95% were identified in Bayes empirical Bayes analysis under model M8. These sites are predicted to contact the peptide based on the structure of the human leukocyte antigen (HLA-A) molecule (Bjorkman et al. 1987) . For UZ-type sequences, M3 fits the data significantly better than M0, with P , 0.001, indicating there is variable selective pressure among sites. However, the more stringent models of positive selection (M2a and M8) were only significant at P , 0.05 (Table 3 ). This indicates that the effect of positive selection on UZ alleles is less than that observed for UA-type alleles. The last amino acid of exon 2 in UZ alleles was identified by Bayes empirical Bayes as being positively selected but is not a putative peptide-binding site.
Discussion
In this study, we have characterized partial intron sequences from tuatara MHC class I loci and identified at least 2 highly polymorphic loci plus one locus with low polymorphism, using sequence type-specific primers. We investigated the possibility of distinguishing between MHC class I loci on the basis of intron sequences. Intron sequences may be a better indicator of loci than coding sequences as they are generally less variable and not under selection (Elsner et al. 2002; Reusch and Langefors 2005) . We had little success in amplifying across whole introns in tuatara MHC genes despite trying both high-fidelity and long-PCR enzyme formulations and using PCR additives such as betaine, DMSO, and BSA, which can sometimes be successful in amplifying complex sequences. However, we were able to amplify partial sequences using genome walking. These partial sequences revealed a number of homopolymeric tracts of guanine and cytosine residues that may have inhibited PCR amplification across the whole intron. It is also possible that tuatara MHC introns are several kilobase pairs in length and that this contributed to our difficulty amplifying across them. The tuatara genome is about 40% larger than the human genome Begin, the first nucleotide of the converted region; end, last nucleotide of the converted region, based on nucleotide numbering; gscale indicates the mismatch penalty; length, length of the converted region; Sim P, simulated P values based on 10 000 permutations. (Olmo 1981) , and it has the highest GC content observed so far for vertebrates (Wang et al. 2006) . Thus, both the MHC region and individual MHC genes may be very large in tuatara.
Identifying Polymorphic Loci
Although we identified 3 different sequence types on the basis of exon 2 and partial intron 2 sequences, amplifying alleles from individual MHC loci was problematic. Type 3 sequences appeared to represent a single locus (UZ) with low polymorphism that could be amplified with locus-specific primers, but type 1 and type 2 sequences together appear to represent 2 polymorphic loci (referred to as UA type).
Alleles from the UZ locus were originally identified using nonspecific primers in a previous study ), but they did not amplify in every individual, making them appear as alleles of a polymorphic gene. Using more specific primers, we were able to amplify UZ alleles from every individual, indicating that this locus is present in every individual. However, UZ alleles do not appear to be expressed in peripheral blood mononuclear cells as we have not found any UZ-like alleles from either reverse transcriptase-PCR or cDNA library screening . This locus appears to be either a nonclassical class I (class Ib) gene or a pseudogene. The class Ib genes are usually less polymorphic than classical class I genes, have tissue-specific expression patterns, and often have functions other than peptide presentation (Geraghty 1993; Gouin et al. 2006) . Nucleotide diversity at the UZ locus was an order of magnitude lower than that recorded for UA-type alleles, sites predicted to be involved in peptide binding were nonpolymorphic, and evidence for balancing selection at this locus was weak, in accordance with what would be expected of a nonclassical class Ib gene. However, it is difficult to distinguish between nonclassical and nonfunctional MHC genes as low polymorphism has also been reported at MHC pseudogenes (Hess et al. 2000; Aguilar et al. 2006) . The UZ allele sequences do not show any evidence of this being a nonfunctional locus as no stop codons or frameshift mutations are present. However, isolation of the entire length of this gene and further analysis of its expression in other tissues will be required to determine the status of this locus.
Alleles from the 2 putative polymorphic loci could not be easily separated. Although alleles in the family group could be assigned to their putative loci ( Figure 3A and B), we could not assign any other alleles to their loci on the basis of sequence similarity alone, probably because of the high levels of recombination between sequences, as suggested by the split decomposition network and GENE-CONV analysis. Alleles amplified with type 2 primers (U*18 and U*19) were divergent from sequences amplified with x, selection parameter; p, number of parameters in the x distribution; p n , proportion of sites that fall into the x n site class; p, q, shape parameters of the b function (models M7 and M8). Positively selected sites were inferred using the Bayes empirical Bayes procedure at P . 95% or P . 99% (bold) and are numbered according to their amino acid position in Figure 4 . 
where L a and L b are log-likelihood values for each of the models being compared. The test statistic is compared with a chi-square distribution with df being the difference in the number of parameters between the 2 models.
type 1 primers, but appear to be segregating as alleles of one of the loci, and were amplified in only 9 out of 26 individuals. Pedigree analysis also suggested that allele U*02 was present at both loci, a situation that could result from gene conversion between loci (e.g., Van Oosterhout et al. 2006) . It is also important to note that alleles that share the same exon 2 sequence could differ in their exon 3 sequence and thus still retain a functionally different PBR. Generally 2-4 UA-type sequences per individual were amplified, consistent with 2 loci, but a single individual had 5 UA-type sequences. It is possible that the number of class I genes varies among individuals, as has been found in some mammalian and fish species (Malaga-Trillo et al. 1998; Roos and Walter 2005) . However, we cannot rule out the possibility that we have not amplified all alleles present in all individuals. Therefore, our primers provide an estimate of overall class I variation in tuatara rather than a specific measure at a single locus.
Generation of MHC Diversity by Point Mutation, Gene Conversion, and Balancing Selection
Levels of nucleotide diversity among UA-type sequences were similar to that recorded for other classical MHC class I loci from natural populations (e.g., Westerdahl et al. 2004; Consuegra et al. 2005 ). Diversity appears to be generated by a mixture of point mutation and recombination. Analysis with GENECONV identified 12 statistically significant exchanges of exon 2 sequence fragments (23-93 bp in length) between alleles, suggesting that new alleles have been created by shuffling of sequence motifs. It has been suggested that gene conversion is the principal mode of generating diversity in the MHC (Martinsohn et al. 1999 ), but we found that point mutation is also important in generating new alleles in the tuatara MHC as several pairs of alleles differ by only 3-4 point mutations (e.g., U*01 and U*03, U*08 and U*17, and U*18 and U*19). At least some gene conversion events appear to represent interlocus conversions based on assignment of alleles to loci in the family group (e.g., U*01/U*08 and U*04/U*08 events). We cannot determine whether the remaining events are interlocus or intralocus, but it is clear that gene conversion obscures the true relationships among UA-type alleles and prevents individual loci from being identified. Interlocus gene conversion is particularly well documented in birds (Hess and Edwards 2002) and fish (Reusch and Langefors 2005) ; so our finding of interlocus conversion in reptiles is not surprising and suggests this is a general feature of the nonmammalian MHC. Balancing selection may also decrease the phylogenetic signal from individual loci and, when acting on diverse alleles generated by gene conversion and point mutation, can create a highly polymorphic MHC (Satta 1997) . Evidence for balancing selection acting over evolutionary timescales (characterized by a d N to d S ratio [x] greater than one) appears ubiquitous among peptide-binding residues of classical MHC genes and is often used as a hallmark of functional MHC loci (Bernatchez and Landry 2003) . Although we found only weak evidence for selection on UZ sequences, we found strong evidence for balancing selection on UA-type alleles as maximum likelihood random-site models that incorporate positive selection fit the data significantly better than neutral or nearly neutral models. The 3 sites identified as being under positive selection correspond to predicted peptide-binding sites, indicating that balancing selection is linked to peptide presentation, and hence may be driven by previous pathogen exposure. Evidence for balancing selection was not found at other predicted peptide-binding sites, and we did not find a significant excess of nonsynonymous changes in predicted PBR sites overall when these sites were analyzed separately, unlike in other MHC studies. This is likely to be due to the fact that our dataset was small and contained highly divergent sequences, which can lower the power of these analyses due to saturation of substitutions (Anisimova et al. 2001; Van Oosterhout et al. 2006 ). In addition, the PBR sites are predicted from the structure of the human MHC molecule and may not exactly match PBR sites in the tuatara MHC molecule.
The Stephens Island tuatara population is the largest tuatara population (more than 30 000 individuals; Newman 1982) , is genetically variable, and is the subject of intensive studies of pathogen loads and mating behavior (Godfrey S, Moore J, unpublished data). Studies of natural populations such as this are important for understanding how environmental and demographic factors interact to drive MHC variation. However, as Piertney and Oliver (2006) rightly point out, such studies generally require data from single MHC loci in order to rigorously test for selection in contemporary populations. Piertney and Oliver (2006) suggest that MHC diversity must be rigorously characterized to determine the number of loci, which loci are expressed, and assign alleles to loci. Our study shows that identifying nonclassical or pseudogenes is particularly important as these can confuse the assessment of levels of MHC diversity. However, our results suggest that assigning alleles to loci may be an intractable problem in many nonmammalian species due to the molecular mechanisms such as gene conversion that underpin MHC evolution.
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